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ABSTRACT 
 We report excess specific heat in a series of metallic glass forming liquids. It is 
found that the excess specific heat relative to glass at glass transition temperature Tg is 
constant and close to R
2
3 , where R is gas constant. In the typical Pd40Ni10Cu30P20 
A quantitative description of the excess specific heat is built up. The atomic 
translational diffusion is the origin of the excess specific heat. The results provide a 
fundamental understanding to the glass transition in metallic glasses. 
 
metallic glass forming liquid, the excess specific heat is independent of temperature. 
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Excess specific heat, ΔCp, of glass forming liquids relative to their rigid glass or 
crystals at ambient pressure is of particular importance to understand the nature of the 
glass transition [1-4]. It is the basis for the Kauzmann paradox [1] that indicates some 
type of phase transition must occur between the liquid and the glass. But whether the 
glass transition is a phase transition or not is still controversial [5-9]. The glass 
transition is universal. Without crystallization most of liquids (including molecular, 
ionic and metallic types) can be undercooled and solidified gradually into glass across 
the glass transition temperature. In molecular GFLs, the ΔCP has been described 
popularly in terms of “bead” [4]. “Bead” is atomic group in a molecule. Its 
complicated rotations can change the configurational state of the system. In most of 
molecular GFLs, ΔCP is an approximately constant around 11.2 Jmole-1bead-1 [5]. But 
an ambiguity is found when comparing rigidly with different molecules where the 
same number of atoms is bound together in different ways [10]. Conventionally, the 
ΔCp of GFLs is ascribed to configurational rearrangements in glass forming liquids 
(GFLs) [3]. It corresponds to the long-standing assumption for the motions in GFLs, 
in which vibrations on the short time scale are separated from configurational 
rearrangement on the long time scale [11]. The configrational rearrangement in GFLs 
has been referred as the thermal fluctuation of cooperative region but individual 
atomic and molecular motion in GFLs [5, 12]. The conventional wisdom provides a 
qualitative description to the empirical pattern of the ΔCp in GFLs. The ΔCp increases 
gradually as temperature approaches the glass transition temperature Tg from high 
temperature [10, 13], and fragile GFLs have a larger ΔCp at Tg than strong GFLs have 
[14]. Recently this pattern has been challenged in a broaden spectrum of GFLs [15]. 
Up to now, it is still lack of an agreement on the origin of the ΔCP in GFLs. 
Metallic GFLs are paradigms of the dense random packing of spheres, hence of 
great fundamental interest in studying of the nature of the glass transition [16]. Until 
recently to study thermodynamic and dynamic properties in a serial of metallic 
supercooled liquids is not possible since the conventional metallic glasses have a 
strong tendency to crystallize when heated through the glass transition. Current 
development of bulk metallic glass forming systems [17] has offered a good 
 2
opportunity to study metallic GFLs. The dynamic characteristics [17, 18] and the 
diffusion mechanism [19] of metallic GFLs have been studied in metallic GFLs. Their 
structural relaxation has non-Arrhenius and non-exponential behavior that similar to 
those in most GFLs [9]. Atomic collective motion is a dominant process in metallic 
GFLs. An obvious ΔCP has been observed in several metallic GFLs [20]. But a clear 
pattern of the ΔCP for metallic GFLs is still missing. The origin of the ΔCP of metallic 
GFLs related to the nature of the glass transition is still beyond our understanding. 
In this letter, we report the ΔCP in a series of metallic glass forming liquids. The 
measurements of the ΔCP and the specific heat in these metallic GFLs was carried out 
in a Perkin-Elmer DSC7 and Mettler Toledo DSC 1 thermal analyzer at the heating 
rate or cooling rate of 20 K/min with an error less than 10%. The ΔCP relative to glass 
at glass transition temperature Tg is found to be constant and close to R
2
3  (R is gas 
independent of temperature. Based on the correlation between the ΔC  and the atomic 
translational diffusive degrees in these GFLs, a quantitative descri tion to the ΔC  in 
metallic GFLs is provided. 
ΔC
constant). The ΔCP in typical Pd40Ni10Cu30P20 metallic glass forming liquid is 
P
p P
Figure 1 plots the p reduced by R
2
1  for 45 kinds of metallic GFLs. The ΔCP 
is the specific heat difference between the supercooled liquid and glass at Tg [19]. The 
names of the metallic glass formers are listed in Table I. One can find that the value of 
R
CPΔ2  is distributed into a narrow region from 3 to 3.3, while their Tg has a wide 
ution from 300 to 700 K. Within the experimental error the ΔCP of metallic 
GFLs seems to be a constant and close to
distrib
R
2
. The constant ΔCP at Tg for metallic 
P
values of their fragility are distributed from 30 to 60 [21]. The idea of configurational 
rearrangement can not explain the constant ΔCP at Tg in these metallic GFLs. In term 
of “bead” [4] the ΔCP of the metallic GFLs should be 
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GFLs is not consistent with to the empirical pattern of the ΔC  in GFLs [3, 14, 15]. It 
is due to that the exact dynamics for those metallic GFLs in Table I are different. The 
R3  per bead (12.5 JK-1bead-1) 
2
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because metallic bond is dominative in the metallic GFLs and each atom
metallic system can be considered directly as a “bead”. Some values of the ΔCp in 
c ly, the excess specific heat, ΔCV, at constant volume in 
met
a form: , where c is a constant coefficient and is the momentum 
ic translational diffusion. In space, th uation can be 
written as , where c  is constant re  p . The p  is the 
 in the 
JK-1bead-1 are summarized as follows: selenium 13.5 [22], methanol 11 [23], 
o-terphenyl 37 [24] and isopentance 17 [25]. It does not seem to yield a relatively 
constant of ΔCP in GFLs. No theory has been found to describe the ambiguity of the 
ΔCP in term of “bead” yet. 
It is usual, in theoretical considerations, to discuss specific heat per mole atom at 
onstant volume. Fortunate
allic GFLs can be considered to be close to their ΔCP with ignoring the expansion 
and the consequent changes in elastic properties. This neglect involves only small 
errors (probably of a few per cent), and is similar as that the specific heat at constant 
pressure is close to that at constant volume for a metallic glass [26]. In order to clarify 
the origin of ΔCV or ΔCP at Tg, one must understand the difference of the intrinsic 
motions in metallic GFLs and glasses. In nature the specific heat of a condensed 
matter must be related directly to its intrinsic motions. It is known that structural 
relaxation is accessible in metallic GFLs but their glasses on the experimental time 
scale [18]. For metallic GFLs the existence of atomic translational diffusion, i.e., 
atomic jumps between potential energy minima on the long time scale, is necessary to 
the structural relaxation. This means atomic translational diffusions in metallic GFLs 
are accessible during normal heating or cooling on the experimental scale beyond the 
vibrations of atoms in the potential energy minima. Moreover, the dominative metallic 
bond makes it reasonable that atomic diffusions in the metallic GFLs are equivalent 
for the internal energy of the system. 
The internal energy related to atomic translational diffusion in metallic GFLs has 
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and z. Here, classical mechanics can be us ze the average internal ed to analy
E per atom in metallic GFLs. c value  pi corresponds to a separate, 
independent state. The states are discretely spaced, separated by small intervals pΔ  
because the atoms in metallic GFLs have random positions in space. Considering 
that pΔ is much less than kT (k, Boltsmann constant, T , temperature of system), one 
can write the partition function related to the atomic translational diffusion as 
follo ng form: 
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E 1 alue of . The v E per atom in metallic GFLs is kT
2
3 . So the CV 
per m le atom ational diffusion in metallic GFLs can be 
derived from the equation (
o s contributed from the transl
dT
dNCV 0= E , N0 is Avogadro’s number). It is found that
the 
 
CV ( R2
V
viscous metallic liquids
3 ) contributed fro lational diffusion is equal exactly to the 
of tallic GFLs at Tg. 
It is not coincident that the  arisen from the atomic translational diff
actly to the ΔCP of Tg. With the conventional idea [3, 8], in 
, the vibration is separated from the structural rearrangement 
m the trans
C
 metallic GFLs at 
ΔCP 
usion is 
 me
equal ex
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because the rate of the structural relation is lower by many orders of the magnitude 
than a characteristic vibration frequency. It is plausible intuitively that the intrinsic 
atomic motions contributing to the specific heat in metallic GFLs with the structure of 
the dense random packing of spheres [16] involve only two types: atomic vibrations 
and translational diffusions. The late is the one contributing to the ΔCP of metallic 
GFLs since the former can exist in both of glass and supercooled liquid. That is, the 
contribution to the specific heat in metallic GFLs can be separated into vibrational and 
translational diffusive parts. The ΔCP in metallic GFLs originates from the 
translational diffusions that obey the equipartition theorem. Its value is close to Rf , 
where R is gas constant. f is the total number of translational degrees of freedom. For 
metallic GFLs the value of f is 3 and equal to the number of independent coordinates 
for atomic translational diffusions in space.  
in metallic GFLs is independent of temperature. As a characteristic of translational 
diffusive motion, the translational degrees for a metallic GFL is not dependent of the 
temperature. The value of the specific heat re
2
The correlation between the ΔCP and translational degrees indicates that the ΔCP 
lated to atomic translational diffusion is 
just R
2
3
specific heat in metallic GFLs. It is due to the fact that Debye temperature of metallic 
glasses is always well less than their Tg [27], indicating all atomic vibrations have 
cont tion of atomic vibration to the specific heat in metallic GFLs is similar to that 
in case of an Einstein solid in the high temperature limit [28]. The specific heat arisen 
from atomic vibrations is independent of temperature, and has the value of 3R. The 
sum of the two parts in metallic GFLs is 4.5R (37.4 JK mol ), and be temperature 
independent. This is consistent with the results in Figure 2. The specific heat of 
Pd40Ni10Cu30P20 metallic GFL with good glass forming ability [29] is of temperature 
independence, and around 40.5 JK mol  within the experimental error. 
The origin of the excess specific heat in these typical metallic GFLs provide a 
fundamental understanding to the glass transition. In metallic GFLs each atom can 
. At the same time, one can evaluate the vibrational contribution to the 
already been activated in metallic glasses at temperature above Tg. Then the 
ribu
-1 -1
-1 -1
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diffuse translationally and freely within the experimental time. Upon cooling, the 
glass transition in metallic glass formers accompanied by a disappearance of the 
excess specific heat is directly related to the frozen of the translational diffusions for 
almost all of atoms in metallic GFLs. The glass transition is a pure kinetic process. 
Since no phase transformation can be related to the frozen of atomic translational 
diffusions in metallic GFLs, the Kauzmann paradox [1], implying that the glass 
transition is an underlying phase transformation, is not still a problem. The slowing 
down of the metallic GFLs, which represents the increase in shear viscosity by several 
orders in magnitude [17], can be related to the increase in the average activation 
energy for the translational diffusive motions. Similar as the description in the elastic 
model of the glass transition [8], the temperature dependence of the average structural 
relaxation time is non-Arrehenius. Due to the positions of each atom in metallic GFLs 
are random in space, the activation energy for translational diffusions is a wide 
distribution. The broaden distribution of the activation energy has been used widely to 
describe the nonexponential structural relaxation in GFLs [29]. 
In summary, differential scanning calorimeter is used to measure the excess 
specific heat in a serial of metallic glass forming liquids. The excess specific heat at 
Tg is found to be equal to R
3 , where R is gas constant. Pd40Ni10Cu30P20 melt, a typical 
metallic GFL, has a temperature-independent specific heat. A c
2
orrelation between the 
exce
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Captions 
Tg versus N (the number of the 
cific heat 
 
 
Figure 1. (a) Plots of the glass transition temperature 
R
CPΔ2metallic GFLs in Table I), (b) The reduced excess spe  (R, 
glass forming system. Red 
during the heating at 20 K/min after the 
 heating of 20 K/min for crystals. 
llic glass formers. Tg 
gas constant) versus N. 
 
Figure 2. The specific heat for metallic Pd40Ni10Cu30P20 
line is determined during the cooling from the temperature above melting at 
20 K/min; black one is measured 
above cooling; blue one is measured by the
 
 
Table I. The excess specific heat, ΔCP, at Tg for 45 kinds of meta
is the onset glass transition temperature measured during the heating at 20 
K/min. R is gas constant. 
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Figure 2. H. B. Ke et. al 
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able I. H. B. Ke et. al 
N Name 
Tg  
( K) 
ΔCP 
( JK-1mol-1 ) 
2ΔCP/R 
 
N 
 
Name 
Tg  
( K) 
ΔCP 
( JK-1mol-1 ) 
2ΔCP/R 
 
T
 
1 Ce68Al10Cu20Co2 351 12.6 3.0 24 Pr55Al25Co20 500 12.7 3.1 
2 (La0.1Ce0.9)68Al10Cu20Co2 353 12.7 3.1 25 La55Al25Co20 526 13.4 3.2 
3 (La0.2Ce0.8) 68Al10Cu20Co2 355 12.6 3.0 26 Nd55Al25Co20 541 12.8 3.1 
4 (La0.3Ce0.7) 68Al10Cu20Co2 357 13.5 3.2 27 Pd40Ni40P20 570 13.7 3.3 
5 (La0.4Ce0.6) 68Al10Cu20Co2 360 12.9 3.1 28 Pd40Cu30Ni10P20 571 13.7 3.3 
6 (La0.5Ce0.5) 68Al10Cu20Co2 362 13.4 3.2 29 Sm40Y15Al25Co20 585 12.7 3.1 
7 (La0.6Ce0.4) 68Al10Cu20Co2 362 12.5 3.0 30 Gd55Al25Co20 601 13.4 3.2 
8 Au60Cu15.5Ag7.5Si17 365 12.9 3.1 31 Tb55Al25Co20 619 12.9 3.1 
9 (La0.8Ce0.2) 68Al10Cu20Co2 366 1 3.2 32 Zr58.5Cu15.8Ni12.5Al10.3Nd7.8 630 12.7 3.1 
La0.7Ce0.3) 68Al10Cu20Co2 366 3.1 33 Dy55Al25Co20 632 12.8 3.1 
11 (La0.9Ce0.1) 68Al10Cu20Co2 367 13.4 3.2 34 Y55Al25Co20 638 12.7 3.1 
a 68Al10Cu20Co2 374 13.4 3.2 35 Zr46.75Ti8.25Cu7.5Ni10Be27.5 640 12.9 3.1 
65Mg15Zn20 375 13 3.1 36 Pd77.5Cu6Si16.5 640 12.7 3.1 
14 Ce62Al10Cu20Co3Ni5 378 13.4 3.2 37 Zr65Al7.5Ni10Cu17.5 650 12.5 3.0 
n40Mg11Ca31Yb18 400 13.2 3.2 38 Ho55Al25Co20 651 12.6 3.0 
a62Al14Cu20Ag4 404 13.4 3.2 39 Zr65Cu15Ni10Al10 652 12.8 3.1 
17 Mg65Cu25Tb10 413 13.5 3.2 40 Zr55Al10Ni5Cu30 682 12.8 3.1 
g65Cu25Sm10 416 13.2 3.2 41 Zr55Cu25Ni10Al10 685 13.3 3.2 
g65Cu25Gd10 417 13.3 3.2 42 Cu46Zr46Al7Gd1 700 12.9 3.1 
20 Mg65Cu25Ho10 417 12.6 3.0 43 Cu46Zr46Al8 701 13.3 3.2 
g65Cu25Y10 418 12.9 3.1 44 Zr50.7Cu28Ni9Al12.3 719 12.9 3.1 
a57.6Al17.5Cu12.4Ni12.5 435 13.1 3.2 45 Zr44Cu44Al6Ag6 722 13.1 3.2 
23 La55Al25Ni5Cu10Co5 455 12.8 3.1      
13.
12.9 10 (
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13 Ca
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